Search for new long-lived particles at √<i>s</i>=13 TeV by ,
                          the CMS Collaboration (2018). Search for new long-lived particles at s=13
TeV. Physics Letters B, 780, 432-454.
https://doi.org/10.1016/j.physletb.2018.03.019
Publisher's PDF, also known as Version of record
License (if available):
CC BY
Link to published version (if available):
10.1016/j.physletb.2018.03.019
Link to publication record in Explore Bristol Research
PDF-document
This is the final published version of the article (version of record). It first appeared online via Elsevier at
https://www.sciencedirect.com/science/article/pii/S0370269318302089 . Please refer to any applicable terms of
use of the publisher.
University of Bristol - Explore Bristol Research
General rights
This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/pure/about/ebr-terms
Physics Letters B 780 (2018) 432–454Contents lists available at ScienceDirect
Physics Letters B
www.elsevier.com/locate/physletb
Search for new long-lived particles at 
√
s = 13 TeV
.The CMS Collaboration 
CERN, Switzerland
a r t i c l e i n f o a b s t r a c t
Article history:
Received 24 November 2017
Received in revised form 19 February 2018
Accepted 7 March 2018
Available online 14 March 2018
Editor: M. Doser
Keywords:
CMS
Physics
Long-lived particles
A search for long-lived particles was performed with data corresponding to an integrated luminosity of 
2.6 fb−1 collected at a center-of-mass energy of 13 TeV by the CMS experiment in 2015. The analysis 
exploits two customized topological trigger algorithms, and uses the multiplicity of displaced jets to 
search for the presence of a signal decay occurring at distances between 1 and 1000 mm. The results can 
be interpreted in a variety of different models. For pair-produced long-lived particles decaying to two b 
quarks and two leptons with equal decay rates between lepton ﬂavors, cross sections larger than 2.5 fb 
are excluded for proper decay lengths between 70–100 mm for a long-lived particle mass of 1130 GeV 
at 95% conﬁdence. For a speciﬁc model of pair-produced, long-lived top squarks with R-parity violating 
decays to a b quark and a lepton, masses below 550–1130 GeV are excluded at 95% conﬁdence for equal 
branching fractions between lepton ﬂavors, depending on the squark decay length. This mass bound is 
the most stringent to date for top squark proper decay lengths greater than 3 mm.
© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The observation of physics beyond the standard model (BSM) 
is one of the main objectives of the ATLAS and CMS experiments 
at the CERN LHC. With no signal yet observed, these experiments 
have placed stringent bounds on BSM models. The majority of 
these searches focus on particles with lab frame decay lengths 
of cτ < 1 mm and incorporate selection requirements that re-
ject longer-lived particle decays. This leaves open the possibility 
that long-lived particles could be produced but remain undetected. 
The present analysis exploits information originating from the CMS 
calorimeters to reconstruct jets and measure their energies. The 
information from reconstructed tracks, in particular the transverse 
impact parameter, is used to discriminate the signal of a jet whose 
origin is displaced with respect to the primary vertex, from the 
background of ordinary multijet events. The analysis is performed 
on data from proton–proton collisions at 
√
s = 13 TeV, collected 
with the CMS detector in 2015. The data set corresponds to an 
integrated luminosity of 2.6 fb−1. Results for similar signatures 
at 
√
s = 8 TeV have been reported by ATLAS [1–3], CMS [4], and 
LHCb [5,6]. In this Letter, we present a new, more general approach 
to searching for long-lived particles decaying to combinations of 
jets and leptons, which is inclusive in event topology and does not 
require the reconstruction of a displaced vertex.
 E-mail address: cms -publication -committee -chair @cern .ch.
2. The CMS detector
The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic ﬁeld 
of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), 
and a brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorimeters 
extend the pseudorapidity (η) coverage provided by the barrel and 
endcap detectors. Muons are measured in gas-ionization detectors 
embedded in the steel ﬂux-return yoke outside the solenoid.
The silicon tracker measures charged particles with |η| < 2.5. 
It consists of silicon pixels and silicon strip detector modules. The 
innermost pixel (strip) layer is at a radial distance of 4.3 (44) cm 
from the beamline.
The ECAL consists of lead tungstate crystals and provides cov-
erage in |η| < 1.48 in a barrel region (EB) and 1.48 < |η| < 3.0
in two endcap regions (EE). A preshower detector composed of 
two planes of silicon sensors interleaved with a total of 3 radia-
tion lengths of lead is located in front of the EE. The inner face of 
the ECAL is at a radial distance of 129 cm from the beamline.
In the region |η| < 1.74, the HCAL cells have widths of 0.087 in 
pseudorapidity and 0.087 radians in azimuth (φ). In the η–φ plane, 
and for |η| < 1.48, the HCAL cells map onto 5 × 5 arrays of ECAL 
crystals to form calorimeter towers projecting radially outwards 
from close to the nominal interaction point. For 1.74 < |η| < 3.00, 
the coverage of the towers increases progressively to a maximum 
https://doi.org/10.1016/j.physletb.2018.03.019
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of 0.174 in η and φ. Within each tower, the energy deposits in 
ECAL and HCAL cells are summed to deﬁne the calorimeter tower 
energies and are subsequently used to provide the energies of jets. 
The inner face of the HCAL is at a radial distance of 179 cm from 
the beamline.
For each event, jets are clustered from energy deposits in the 
calorimeters, using the FastJet [7] implementation of the anti-kT
algorithm [8], with the distance parameter 0.4. Tracks that are 
within R =√(η)2 + (φ)2 < 0.4 of a jet are considered to be 
associated with the jet.
Events of interest are selected using a two-tiered trigger sys-
tem [9]. The ﬁrst level, composed of custom hardware processors, 
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a time interval of 
less than 4 μs. The second level, known as the high-level trigger 
(HLT), consists of a farm of processors running a version of the full 
event reconstruction software optimized for fast processing, and 
reduces the event rate to around 1 kHz before data storage.
A more detailed description of the CMS detector, together with 
a deﬁnition of the coordinate system used and the relevant kine-
matic variables, can be found in Ref. [10].
3. Data sets and simulated samples
Events are selected using two dedicated HLT algorithms, de-
signed to identify events with displaced jets. Both algorithms have 
a requirement on HT, which is deﬁned as the scalar sum of the 
transverse momentum pT of the jets in the event, considering only 
jets with pT > 40 GeV and |η| < 3.0. The inclusive algorithm ac-
cepts events with HT > 500 GeV and at least two jets, each with 
pT > 40 GeV, |η| < 2.0, and no more than two associated prompt 
tracks. Tracks are classiﬁed as prompt if their transverse impact 
parameter relative to the beam line, IP2D, is less than 1 mm. The 
exclusive algorithm requires HT > 350 GeV and at least two jets 
with pT > 40 GeV, |η| < 2.0, no more than two associated prompt 
tracks, and at least one associated track with IP2D > 5σIP2D , where 
σIP2D is the calculated uncertainty in IP
2D. Data collected by al-
gorithms with identical HT requirements and no tracking require-
ments are used to study the performance of the online selection 
algorithms.
Events are selected oﬄine by requiring at least two jets with 
pT > 60 GeV and |η| < 2.0. Two classes of events are considered: 
events (i) passing the inclusive online algorithm and with HT >
650 GeV and (ii) passing the exclusive online algorithm and with 
HT > 450 GeV. Combining these two classes of events results in 
786002 unique events. We refer to these events as passing the 
event selection or simply “Selection” in the eﬃciency tables.
The main source of background events originates from multijet 
production. The properties of this background process are stud-
ied using a simulated multijet sample, generated with MadGraph5 
[11] and interfaced with pythia8 [12] for parton showering and 
hadronization. The NNPDF 2.3 [13] parton distribution functions 
(PDFs) are used to model the parton momentum distribution in-
side the colliding protons. The event simulation includes the effect 
of additional proton–proton collisions in the same bunch cross-
ing and in bunch crossings nearby in time, referred to as pileup. 
Simulated samples are reweighted to match the pileup proﬁle ob-
served in data. The detector response is simulated in detail using
Geant4 [14].
The analysis is interpreted with a set of benchmark signal mod-
els. The Jet-Jet model predicts pair-produced long-lived scalar neu-
tral particles X0, each decaying to a quark–antiquark pair, where 
possible pairs include u, d, s, c, and b quarks. The two scalars 
are produced through a 2 → 2 scattering process, mediated by a 
Z∗ propagator, and the decay rate to each ﬂavor is assumed to 
be the same. The resonance mass mX0 and average proper de-
cay length cτ0 are varied between 50 and 1500 GeV and between 
1 and 2000 mm, respectively. The model resembles hidden valley 
models that produce long-lived neutral ﬁnal states [15]. The trig-
ger eﬃciencies for mX0 = 300 GeV and cτ0 = 1, 30, and 1000 mm 
are 30%, 81%, and 42%, respectively. For example, the trigger eﬃ-
ciencies are 2%, 14%, and 92% for cτ0 = 30 mm and mX0 = 50, 100, 
and 1000 GeV respectively. The trigger eﬃciency is calculated from 
the total number of events passing only the logical OR of the two 
trigger paths.
The B-Lepton model contains pair-produced long-lived top 
squarks in R-parity [16] violating models of supersymmetry (SUSY) 
[17]. Each top squark decays to one b quark and a lepton, with 
equal decay rates to each of the three lepton ﬂavors. The reso-
nance mass m˜t and proper decay length cτ0 are varied between 
300 and 1000 GeV and between 1 and 1000 mm, respectively. For 
example, the trigger eﬃciencies for m˜t = 300 GeV and cτ0 = 1, 30, 
and 1000 mm are 15%, 41%, and 23%, respectively. The trigger eﬃ-
ciencies are 64%, 71%, and 74% for cτ0 = 30 mm and m˜t = 500, 700, 
and 1000 GeV, respectively.
Variations of these models with modiﬁed branching fractions 
are also investigated. The Light-Light model is the Jet-Jet model 
excluding decays to b quarks (equal decays to lighter quarks) and 
the B-Muon, B-Electron, and B-Tau models are derived from the 
B-Lepton model with 100% branching fraction to muons, electrons, 
and τ leptons, respectively. Both leptonic and hadronic τ lepton 
decays are included in the B-Tau interpretation. All signal samples 
are generated with pythia8, with the same conﬁguration as for the 
multijet sample.
4. Event selection and inclusive displaced-jet tagger
In general, events contain multiple primary vertex (PV) can-
didates, corresponding to pileup collisions occurring in the same 
proton bunch crossing. The PV reconstruction employs Gaussian 
constraints on the reconstructed position based on the luminous 
region, which is evaluated from the reconstructed PVs in many 
events. A description of the PV reconstruction can be found in 
Ref. [18]. The displaced-jet identiﬁcation variables utilize the PV 
with the highest p2T sum of the constituent tracks. The results of 
the analysis are found to be insensitive to the choice of the method 
used to select the PV, since the uncertainty in the transverse po-
sition of the primary vertex is small relative to the signal model 
decay lengths.
The analysis utilizes a dedicated tagging algorithm to identify 
displaced jets. For each jet, the algorithm takes as input the re-
constructed tracks within R < 0.4 of the jet. All tracks with 
pT > 1 GeV that are selected by all iterations of track reconstruc-
tion are considered. A detailed list of requirements for the CMS 
track collection can be found elsewhere [18]. Three variables are 
considered for each jet in the event. The ﬁrst variable quantiﬁes 
how likely it is that the jet originates from a given PV. For a given 
jet, αjet(PV) is deﬁned for each PV as
αjet(PV) =
∑
tracks∈PV ptracksT∑
tracks p
tracks
T
, (1)
where the sum in the denominator is over all tracks associated 
with the jet and the sum in the numerator is over just the subset 
of these tracks originating from the given PV. The tagging variable 
αmax is the largest value of αjet(PV) for the jet.
The second variable quantiﬁes the signiﬁcance of the measured 
transverse displacement for the jet. For each track associated with 
the jet, the signiﬁcance of the track’s transverse impact param-
eter, IP2Dsig, is computed as the ratio of the track’s IP
2D and its 
434 The CMS Collaboration / Physics Letters B 780 (2018) 432–454Fig. 1. Comparison of distributions for the displaced-jet tagging variables αmax (left), ÎP2Dsig (center), and 	̂2D (right) in data and simulation. The data distributions (circles) 
are compared to the expected background distributions from multijet events (squares) and several Jet-Jet benchmark models (dotted histograms) of pair-produced long-lived 
neutral scalar particles with mX0 = 700 GeV and different values of cτ0. The vertical lines designate the value of the requirement for the chosen displaced-jet tag. The 
direction of the arrow indicates the values included in the requirement. All distributions have unit normalization.
Table 1
Signal eﬃciencies (in %) for mX0 = m˜t = 300 GeV for various values of cτ0 for the Jet-Jet and B-Lepton models. Selection requirements are cumulative from the ﬁrst row to 
the last.
Jet-Jet
cτ0 [mm] 1 10 100 1000
≥2 tags 2.33 ± 0.15 39.49 ± 0.63 54.54 ± 0.74 14.58 ± 0.38
Trigger 2.16 ± 0.15 38.12 ± 0.62 39.32 ± 0.63 8.07 ± 0.28
Selection 2.09 ± 0.14 37.09 ± 0.61 36.53 ± 0.60 6.67 ± 0.26
≥3 tags 0.17 ± 0.04 14.14 ± 0.38 16.72 ± 0.41 1.36 ± 0.12
≥4 tags 0.01 ± 0.01 4.73 ± 0.22 4.71 ± 0.22 0.17 ± 0.04
B-Lepton
cτ0 [mm] 1 10 100 1000
≥2 tags 0.45 ± 0.02 15.82 ± 0.13 31.52 ± 0.19 8.55 ± 0.10
Trigger 0.29 ± 0.02 11.45 ± 0.11 17.08 ± 0.14 3.22 ± 0.06
Selection 0.27 ± 0.02 9.91 ± 0.11 13.33 ± 0.12 2.08 ± 0.05
≥3 tags 0.02 ± 0.01 2.46 ± 0.05 3.81 ± 0.07 0.37 ± 0.02
≥4 tags – 0.30 ± 0.02 0.48 ± 0.02 0.03 ± 0.01uncertainty. The tagging variable ÎP2Dsig is the median of the IP
2D
sig
distribution of all tracks in a jet.
The third variable quantiﬁes the angular difference between the 
emission angle of a given track in a jet and the parent particle 
ﬂight direction. For each track associated with the jet, 	2D is com-
puted as the angle between the track pT = (px, py) at the track’s 
innermost hit and the vector connecting the chosen PV to this hit 
in the transverse plane. The tagging variable 	̂2D is the median of 
the 	2D distribution for the tracks associated with the jet.
It should be noted that leptons giving rise to calorimeter en-
ergy deposits (tau leptons and electrons) will also be classiﬁed as 
“displaced jets”, if the associated track(s) satisﬁes the tagging cri-
teria, and thus contribute to the search sensitivity. Additionally, by 
not requiring the reconstruction of a displaced vertex, the analy-
sis is becomes sensitive to pair-produced long-lived decays with a 
single reconstructed track per decay.
Fig. 1 shows the distributions of the three tagging variables for 
data events, simulated multijet events, and simulated signal events 
with mX0 = 700 GeV and several values of cτ0. Note that any mis-
modeling resulting from the multijet background does not affect 
the analysis because the background estimate is derived from data. 
Simulation of the multijet background only describes misidentiﬁed 
displaced jets.
The displaced-jet identiﬁcation criteria are αmax < 0.05,
log10(ÎP
2D
sig) > 1.5, and log10(	̂2D) > −1.6. This selection was cho-
sen by selecting parameters that yielded the best discovery sensi-
tivity for the Jet-Jet model across all generated decay lengths and 
masses.
The average displaced-jet tagging eﬃciency with no trigger se-
lection applied for mX0 = 700 GeV is 4% for cτ0 = 1 mm, 57% for 
cτ0 = 30 mm, and 33% for cτ0 = 1000 mm. For cτ0 > 1000 mm, 
the long-lived particles typically decay beyond the tracker. For 
cτ0 < 3 mm, the experimental signature for signal events becomes 
increasingly diﬃcult to distinguish from that of background b 
quark jets.
The search is performed by applying the selection criteria de-
scribed above and by counting the number of tagged displaced 
jets, Ntags. In addition to the online and oﬄine requirements de-
scribed in Section 3, the analysis signal region requires Ntags ≥ 2. 
Eﬃciencies are reported for the Jet-Jet and B-Lepton models as a 
function of decay length with ﬁxed mass (Table 1) as well as a 
function of mass with ﬁxed decay length (Table 2). Eﬃciencies for 
the Light-Light, B-Tau, B-Electron, and B-Mu models are included 
in supplemental material as Tables 1 and 2.
5. Background prediction
Background events arise from jets containing tracks that are 
mismeasured as displaced and jets containing tracks from the 
weak decays of strange, charm, and bottom hadrons.
To maintain the statistical independence of the events that are 
used to perform the prediction and the events in the signal region, 
the misidentiﬁcation rate is measured in a control sample deﬁned 
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Signal eﬃciencies (in %) for the Jet-Jet and B-Lepton models with cτ0 = 30 mm and for various values of mass. Selection requirements are cumulative from the ﬁrst row to 
the last.
Jet-Jet
mX0 [GeV] 50 100 300 1000 1500
≥2 tags 2.71 ± 0.10 14.80 ± 0.22 54.24 ± 0.74 79.93 ± 0.89 82.55 ± 0.91
Trigger 0.50 ± 0.04 5.39 ± 0.13 46.41 ± 0.68 74.05 ± 0.86 77.65 ± 0.88
Selection 0.30 ± 0.03 3.70 ± 0.11 44.75 ± 0.67 73.99 ± 0.86 77.53 ± 0.88
≥3 tags 0.05 ± 0.01 1.09 ± 0.10 20.87 ± 0.46 49.42 ± 0.70 55.28 ± 0.74
≥4 tags – 0.22 ± 0.03 6.81 ± 0.26 25.45 ± 0.50 32.26 ± 0.57
B-Lepton
m˜t [GeV] 300 600 800 1000
≥2 tags 31.52 ± 0.19 47.32 ± 0.23 52.53 ± 0.24 55.88 ± 0.35
Trigger 17.08 ± 0.14 35.03 ± 0.20 40.40 ± 0.21 43.14 ± 0.30
Selection 14.70 ± 0.13 32.34 ± 0.19 36.94 ± 0.20 39.26 ± 0.29
≥3 tags 4.11 ± 0.07 10.76 ± 0.11 13.29 ± 0.12 15.00 ± 0.18
≥4 tags 0.55 ± 0.03 1.83 ± 0.05 2.69 ± 0.05 3.09 ± 0.08Fig. 2. The fraction of jets passing the displaced-jet tagging criteria as a function of 
the number of tracks associated with the jet. The results are from data events with 
Ntags ≤ 1, collected with the displaced-jet triggers and passing the oﬄine selection 
criteria.
as events with Ntags ≤ 1 (as shown in Fig. 2), while the signal re-
gion requires Ntags ≥ 2. Additionally, this control sample deﬁnition 
limits signal contamination. There are 1391 events in data with 
Ntags = 1. The size of the bias introduced by only measuring the 
misidentiﬁcation rate in events with Ntags ≤ 1 is quantiﬁable. For 
the chosen tag requirement, the effect of removing events with 
Ntags > 1 on the predicted number of two tag events is negligible 
(0.4%) compared to the statistical uncertainty of the prediction.
Since the proportion of tracks identiﬁed as being displaced 
is small and approximately constant, the likelihood of tagging a 
nondisplaced jet as a displaced jet decreases approximately expo-
nentially with the number of tracks associated with the jet, Ntracks . 
Fig. 2 shows the fraction of jets that are tagged as displaced jets 
in data as a function of Ntracks. This function is the misidentiﬁca-
tion rate of tagging a prompt jet as displaced (assuming no signal 
contamination) and is interpreted as the probability p(Ntracks) of 
being tagged. This parameterization allows an event by event es-
timation of the probability of tagging any multiplicity of displaced 
jets.
Because of the high jet production cross section, even though 
the misidentiﬁcation rate is small, events with one tagged dis-
placed jet are completely dominated by standard model back-
grounds, and signal contamination can be ignored, even if the 
associated cross section is large. This is explicitly veriﬁed with sig-
nal injection tests, which are discussed below.
The misidentiﬁcation rate is used to predict the probability 
P (Ntags) for an event to have Ntags tagged jets. For instance, for 
an event m with three jets j1, j2, and j3, there is one jet conﬁgu-
ration with no tags, with a probability:
Pm(Ntags = 0) = (1− p1)(1− p2)(1− p3),
where pi = p(Ntracks( ji)). Similarly, there are three jet conﬁgura-
tions for this same event to have Ntags = 1:
Pm(Ntags = 1) = p1(1− p2)(1− p3) + (1− p1)p2(1− p3)
+ (1− p1)(1− p2)p3.
The probability of ﬁnding Ntags tags in the m event is:
Pm(Ntags) =
∑
jet-conﬁgs
∏
i∈tagged
pi
∏
k∈nontagged
(1− pk). (2)
Tagged jets enter the product as pi and nontagged jets enter as 
(1 − pi). Equation (2) is used to compute Pm(Ntags), under the as-
sumption that the sample does not contain any signal. The number 
of events expected for a given value of Ntags is computed as
Nevents(Ntags) =
∑
m
Pm(Ntags), (3)
where m runs only over events with fewer than two tagged jets. 
The prediction is then compared to the observed Ntags multiplicity 
in events with two or more tagged jets, to assess the presence of 
a signal.
We validate this procedure in the absence (background-only 
test) and presence (signal injection test) of a signal, using simu-
lated events.
The background-only test is performed by predicting the tag 
multiplicity from the simulated multijet sample, using the distri-
bution obtained for the misidentiﬁcation rate. In order to populate 
the large-Ntags region of the distribution, a looser version of the 
displaced-jet tagger is employed in this test. The loose displaced-
jet identiﬁcation criteria are αmax < 0.5, log10(ÎP
2D
sig) > 0.4, and 
log10(	̂2D) > −1.7. The average misidentiﬁcation rate of the loose 
(chosen) tag deﬁnition is 2.6% (0.05%). The loose deﬁnition require-
ments were relaxed until a minimal number of two tag events 
were available to perform the background-only test. The full sam-
ple of events passing the event selection is divided into multiple 
independent samples and the background prediction validated. The 
predicted background of Ntags events in simulated multijet events 
is found to be consistent with the observed number of events. The 
associated pull distributions are found to have mean 0 and vari-
ance 1 as expected in the ideal case.
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Table 3
Summary of the signal systematic uncertainties. When the uncer-
tainty depends on the speciﬁc features of the models (mass, decay 
length, and decay mode of the long-lived particle) a range is quoted, 
which refers to the computed uncertainty for Ntags = 2 events.
Signal systematic uncertainty Effect on yield
HT trigger ineﬃciency 5%
Jet pT trigger ineﬃciency 5%
Trigger online tracking modeling 1–35%
Integrated Luminosity 2.3%
Acceptance due to the PDF choice 1–6%
Displaced-jet tag variable modeling 1–30%
The signal injection test is performed by adding events of pair-
produced resonances decaying to two jets to the multijet sam-
ple and repeating the procedure described above. In this case, 
the chosen displaced-jet tagger is used. The injected signal has 
mX0 = 700 GeV and cτ0 = 10 mm with a cross section varied in 
the range from 30 fb to 3 pb. The jet probability is computed as 
in the data, where no prior knowledge of the nature of the events 
(signal or background) is available. In this case, the misidentiﬁca-
tion rate is derived from the mixed sample itself, including the 
contamination from the injected signal sample. The signal con-
tamination is found to have a minimal impact on the predicted 
number of events in the signal region. For example, with an in-
jected signal cross section of 30 fb, 19 events are observed with 
two tags, while the two tag prediction is consistent with the pre-
dictions obtained for zero injected events: Nevents(Ntags ≥ 2) = 1.3. 
As another example, with an injection signal cross section of 3 pb, 
no three tag events are predicted, while 1520 events with three 
tags are observed. Given the insensitivity of the predicted back-
ground to large amounts of injected signal, the analysis is robust 
to signal contamination of the control region.
6. Systematic uncertainties
6.1. Background systematic uncertainties
There is an uncertainty in the estimated background level asso-
ciated with the choice of method used. This uncertainty is evalu-
ated by repeating the background prediction procedure described 
in Section 5 using the looser version of the displaced-jet tagging 
algorithm. The result is compared with that obtained using the 
nominal method and the observed difference of 7.5% is taken as 
the systematic uncertainty from this source. This value for the un-
certainty is used also for the three or more tags case.
The statistical uncertainty in the measured misidentiﬁcation 
rate as a function of Ntracks is propagated to the predicted Ntags
distribution as a systematic uncertainty. This systematic uncer-
tainty is calculated for each tag multiplicity bin. The uncertainty 
for the two tag bin is 13%.
6.2. Signal systematic uncertainties
All signal systematic uncertainties are calculated individually 
for each model, for each mass and decay length point, and for each 
value of Ntags in the signal region. In cases where the uncertainty 
depends on the mass, decay length, and/or decay mode of the 
long-lived particle, a range is quoted, referring to the uncertainty 
for Ntags = 2 events. A summary of the systematic uncertainties 
associated with the signal is given in Table 3.
The uncertainty in the trigger emulation is measured by com-
paring the predicted eﬃciency for simulated multijet events with 
that measured for data collected with a loose HT trigger. The ob-
served difference at the oﬄine HT threshold (5%) is taken as an 
Table 4
The predicted and observed number of events as a function of the number of tagged 
displaced jets. The prediction is based on the misidentiﬁcation rate derived from 
events with fewer than two tags. The full event selection is applied. The uncertainty 
corresponds to the total background systematic uncertainty.
Ntags Expected Observed
2 1.09± 0.16 1
≥3 (4.9± 1.0) × 10−4 0
estimate of the uncertainty in the emulation of the online HT re-
quirement. Similarly, the uncertainty induced by the online versus 
oﬄine jet acceptance is obtained from the shift in the trigger eﬃ-
ciency when the oﬄine minimum jet pT requirement is increased 
from 60 to 80 GeV (5%).
The systematic uncertainty in the modeling of the online track-
ing eﬃciency is obtained by studying the online regional track 
reconstruction in data and in simulation. The online values of IP2D
and IP2Dsig are varied by the magnitude of the mismodeling found 
in events collected by control sample triggers consisting of only 
an HT requirement (HT > 425 and HT > 275). The new values are 
used to determine if the event would still pass at least one of the 
trigger paths and its associated oﬄine HT requirement. The Ntags
distribution is recalculated with the values varied up and down. 
The relative change in the number of events per Ntags bin is taken 
as the systematic uncertainty. For Ntags = 2, this uncertainty varies 
from 1 to 35%.
The systematic uncertainty in the luminosity is 2.3% [19].
The uncertainty arising from the choice of PDFs for pair-
produced particles with masses in the range of 50–1500 GeV is 
found to be 1–6%. An ensemble of alternative PDFs is sampled 
from the output of the NNPDF ﬁt. Events are reweighted according 
to the ratio between these alternative PDF sets and the nominal 
ones. The distribution of the signal prediction for these PDF en-
sembles is used to quantify this uncertainty.
The systematic uncertainty in the modeling of the jet tagging 
variables in the signal simulation samples is estimated from the 
displaced track modeling in multijet events in data and simulation. 
The mismodeling of the measured value of 	2D and IP2Dsig for sin-
gle tracks is propagated to the ﬁnal tag distribution by varying the 
individual measured values in simulation by the difference in the 
measured value relative to data (3–10%). The tagging variables are 
then recalculated. The Ntags distribution is recalculated with the 
new values. The systematic uncertainty is assigned as the relative 
change in the number of events for each Ntags bin. For the two tag 
bin, this varies from 1 to 30% depending on the mass and decay 
length. The mismodeling of αmax is found to have a negligible ef-
fect on the signal eﬃciency, as the requirement is relatively loose.
7. Results and interpretation
The numerical values for the expected and observed yields are 
summarized in Table 4. The observed yields are found to be con-
sistent with the predicted background, within the statistical and 
systematic uncertainties. No evidence for a signal at large values 
of Ntags is observed.
Exclusions for each model are obtained from the predicted and 
observed event yields in Table 4 and the signal eﬃciencies in Ta-
bles 1 and 2 and Tables 1 and 2 in supplemental material. All 
bounds are derived at 95% conﬁdence level (CL) according to the 
CLs prescription [20–23] in the asymptotic approximation. For each 
limit derivation, we consider events with Ntags ≥ 2, using indepen-
dent bins for Ntags = 2 and Ntags ≥ 3. Finer binning of the tag 
multiplicity for Ntags > 3 is found to have a negligible effect on 
the expected limits. Cross section upper limits are presented as a 
The CMS Collaboration / Physics Letters B 780 (2018) 432–454 437Fig. 3. The excluded cross section at 95% CL for the Jet-Jet model (upper left) and the B-Lepton model (upper right) as a function of the mass and proper decay length of 
the parent particle. The B-Lepton plot also shows the expected (observed) exclusion region with one standard deviation experimental (theoretical) uncertainties, utilizing a 
NLO+NLL calculation of the top squark production cross section. The lower plot shows the excluded cross section at 95% CL for the Jet-Jet model as a function of the proper 
decay length for three illustrative smaller values of the mass. The shaded bands in the lower plot represent the one standard deviation uncertainties in the expected limits.function of the mass and proper decay length of the parent par-
ticle. The analysis sensitivity is maximal for cτ0 ranging from 10 
to 1000 mm. Mass exclusion bounds at ﬁxed decay length are also 
derived by comparing the excluded cross section with the values 
predicted for the benchmark models described in Section 3. In the 
case of SUSY models, the next-to-leading order (NLO) and next-to-
leading logarithmic (NLL) ˜ t˜ t∗ production cross section computed 
in the large-mass limit for all other SUSY particles [24–29] is used 
as a reference.
Fig. 3 shows the excluded pair production cross section for the 
Jet-Jet and B-Lepton models. The Light-Light model is shown in 
Figure 1 of supplemental material and has nearly identical perfor-
mance to the Jet-Jet model. The B-Lepton sensitivity is similar to 
that observed for the Jet-Jet model, although it is less stringent 
as additional jets give higher eﬃciency than additional leptons 
from both the tagging and triggering perspectives. Cross sections 
larger than 2.5 fb are excluded at 95% CL, for cτ0 in the range 
70–100 mm, which corresponds to the exclusion of parent masses 
below 1130 GeV.
The exclusions for the B-Tau, B-Electron and B-Muon models are 
shown in Figs. 2–4 of supplemental material, respectively. The B-
Tau and B-Electron models have similar performance at high mass 
with slightly stronger limits for the B-Electron model at lower 
mass (m˜t = 300 GeV) and longer decay length (cτ0 > 10 mm). 
The highest mass excluded in the B-Electron (B-Tau) model is 
m˜t = 1145 (1150) GeV at cτ0 = 70 mm, corresponding to a cross 
section of 2.3 (2.2) fb at 95% CL.
In the case of the B-Muon model, the analysis uses jets recon-
structed from calorimetric deposits and the two muons have small 
or no associated calorimeter deposits, thus the signal reconstruc-
tion eﬃciency and the displaced-jet multiplicity are smaller. This 
results in a weaker exclusion bound. The highest mass excluded in 
the B-Muon model is m˜t = 1085 GeV at cτ0 = 70 mm, correspond-
ing to a cross section upper limit of 3.5 fb at 95% CL.
8. Summary
A search for long-lived particles has been performed with data 
corresponding to an integrated luminosity of 2.6 fb−1 collected 
at a center-of-mass energy of 13 TeV by the CMS experiment in 
2015. This is the ﬁrst search for long-lived particles decaying to 
jet ﬁnal states in 13 TeV data and the ﬁrst search to demonstrate 
explicit sensitivity to long-lived particles decaying to τ leptons. 
The analysis utilizes two customized topological trigger algorithms 
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and an oﬄine displaced-jet tagging algorithm, where the multi-
plicity of displaced jets is used to search for the presence of a 
signal. As no excess above the predicted background is found, up-
per limits are set at 95% conﬁdence level on the production cross 
section for long-lived resonances decaying to two jets or to a lep-
ton and b quark. The limits are calculated as a function of the 
mass and proper decay length of the long-lived particles. For res-
onances decaying to a b quark and a lepton, cross sections larger 
than 2.5 fb are excluded for proper decay lengths of 70–100 mm. 
The cross section limits are also translated into mass exclusion 
bounds, using a calculation of the top squark production cross 
section as a reference. Assuming equal lepton branching fractions, 
pair-produced long-lived R-parity violating top squarks lighter than 
550–1130 GeV are excluded, depending on the squark proper de-
cay length. This mass exclusion bound is currently the most strin-
gent bound available for top squark proper decay lengths greater 
than 3 mm.
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